INTRODUCTION
The late Miocene Stanislaus Group consists of widespread volcanic units that extend from the western foothills of the Sierra Nevada in California, across the crest of the Sierra Nevada, and into the Basin and Range Province of western Nevada (Fig. 1) . Just east of the drainage divide at Sonora Pass, the volcanic succession is very thick and bears proximal features that have been interpreted as being part of a caldera rim. The Little Walker Caldera, which underlies a roughly circular valley in this area, is the proposed source of the Stanislaus Group (Slemmons, 1966; Noble et al., 1974; Priest, 1979) .
Lava fl ows and ash-fl ow tuffs of the Stanislaus Group (Table 1) were deposited in a series of west-draining canyons, such as the Cataract Channel (Ransome, 1898; Lindgren, 1911) in the Sierra Nevada, which may have connected with highlands in western Nevada. Outcrops of the Stanislaus Group (ca. 9.5 Ma) on the western slope of the central Sierra Nevada are remnants of deposits that once choked the Miocene paleovalley system. Today, the high eastern scarp of the Sierra Nevada separates the western volcanic fl ows from the proposed caldera source, with the base of the fl ows now standing 1500 m above the caldera. Whether the high scarp, which formed since 5 Ma, is the product of rapid uplift of the Sierra Nevada (Unruh, 1991; Wakabayashi and Sawyer, 2001) or collapse of a high-standing plateau (Wolfe et al., 1997; Mulch et al., 2006) remains a matter for debate. The paleotopography of the Miocene volcanic rocks and the underlying Eocene gold-bearing gravels is critical to arguments concerning paleoelevation, isostasy, and midcrustal dynamics of the region.
1. Wagner et al., 1987 2. Huber, 1983a 3. Huber, 1983b 4. Giusso, 1981 5. Halsey, 1953 6. Priest, 1979 7. King, 2006 8. Brem, 1984 . Kleinhampl et al., 1975 10. Huber et al., 1989 11. Wagner et al., 1990 12. Al-Rawi, 1969 Explanation Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/3/6/646/854730/i1553-040X-3-6-646.pdf by guest on 21 August 2019 accommodated (20%) across the Walker Lane, with the rest of the strain being taken up by the San Andreas fault system (Argus and Gordon, 1991; Hearn and Humphreys, 1998; Atwater and Stock, 1998; Wernicke and Snow, 1998; Thatcher et al., 1999; Bennett et al., 2003; McQuarrie and Wernicke, 2005) . Beds of the Stanislaus Group and other late Cenozoic deposits within the Walker Lane are broken and tilted by a complex of strike-slip and normal faults that formed in response to northward movement of the Sierra Nevada block, Basin-andRange extension, and dextral shear (Stewart, 1988; Faulds et al., 2005; Wesnousky, 2005) . Understanding the original distribution of the Stanislaus Group provides important reference datum for reconstructing the regional tectonic history since 9.5 Ma. Therefore, we undertook this study of magnetic properties to provide basic data relevant to the source and regional correlation of the Stanislaus Group. The primary objective of this study is to investigate patterns of fl ow in the Miocene volcanic succession by measuring anisotropy of magnetic susceptibility (AMS) of the Eureka Valley Tuff, the most widespread formation of the Stanislaus Group. Microscopic examination of ash-fl ow tuff has revealed preferred orientation of elongate crystals and glass shards, and this fabric is attributed to laminar fl ow during end-stage emplacement of ignimbrites (Elston and Smith, 1970; Rhodes and Smith, 1972) . AMS has been shown to be an effective proxy for fl ow fabric in ash-fl ow tuffs (Ellwood, 1982; Incoronato et al., 1983; Knight et al., 1986; Hillhouse and Wells, 1991; Palmer et al., 1991 Palmer et al., , 1996 Baer et al., 1997; Palmer and MacDonald, 1999) . Ash-fl ow tuffs typically exhibit an oblate, AMS ellipsoid with a near-vertical minimum axis due to compaction and with a nearhorizontal maximum axis parallel to the fl ow direction. Imbrication of the magnetic foliation plane, defi ned by orientation of the maximumintermediate susceptibility plane, indicates the sense of fl ow. Our strategy was to test the utility of AMS as a fl ow indicator in well-known channel-fi lling deposits and, if successful, to apply the method elsewhere to delineate the broader channel system in isolated volcanic remnants. Also, we wanted to test whether the pattern of fl ow is consistent with a source area centered on the Little Walker Caldera. Establishment of a radial fl ow pattern outward from the caldera would confi rm the proposed source of the Eureka Valley Tuff.
A necessary complement to the AMS study was the measurement of natural remanent magnetization at sites within the Stanislaus Group. Vertical-axis rotation is likely within the tectonically active areas east of the eastern Sierra Nevada escarpment (Cashman and Fontaine, 2000) ; therefore, it was necessary to account for any rotations in the interpretation of the AMS fl ow directions. Assuming that upon rapid cooling, a widespread ash-fl ow tuff will acquire a uniform direction of magnetization, the declination of remanent magnetization preserved in the tuff is a useful indicator of tectonic rotation (Gromme et al., 1972; Young and Brennan, 1974; Wells and Hillhouse, 1989; Palmer et al., 1991) . From ash-fl ow sites on the relatively stable Sierra Nevada block, we established a virtual geomagnetic pole to provide a frame of reference for measuring rotations in the Sweetwater Mountains and nearby Basinand-Range areas.
The regional magnetostratigraphy of the Stanislaus Group also was determined as part of this paleomagnetic investigation. The principal author collected samples from the Eureka Valley Tuff and Table Mountain Latite, and this collection was combined with material obtained by the U.S. Geological Survey from early studies (1962 and 1963) of the Stanislaus Group. The resultant magnetostratigraphy of the Stanislaus Group is useful for making regional geologic correlations vital to our understanding of the late-Cenozoic uplift of the central Sierra Nevada and the tectonic processes of the Sierra NevadaWalker Lane transition.
PREVIOUS WORK
The volcanic rocks now known as the Stanislaus Group (Table 1; Noble et al., 1974) have captured the interest of geologists for 150 yr. Trask (1856) and Whitney (1865) were early observers of the " Table Mountain Flow" near Sonora, California. They noted the inverted position of the "basalt" within an older stream channel positioned above the current drainages. Ransome (1898) described the Table Mountain Flow in more detail, defi ning the stratigraphy as a lower latite (Table Mountain Flow) , a middle biotite-augite latite, and an upper latite (Dardanelle fl ow). The sinuous lava fl ows of Table  Mountain fi lled a paleovalley known as the Cataract Channel (Ransome, 1898; Slemmons, 1953) , and the fl ows probably originated from dikes between Sonora Pass and Bald Peak near the Sierra Nevada divide (Slemmons, 1953) . East of the divide in the Sweetwater Mountains, the Table Mountain Latite of Noble et al. (1974) possibly originated from both the dikes and the Little Walker Caldera (Priest, 1979) . Johnson (1951) , Halsey (1953) , Slemmons (1953 Slemmons ( , 1966 , Gilbert et al. (1968 ), Chesterman (1968 , and Al-Rawi (1969) mapped ash-fl ow tuffs in the southern Sweetwater Mountains, the Bodie Hills, and nearby areas. They recognized the similarities of these units to tuffs, including the biotite-augite latite of Ransome (1898) , in the Sierra Nevada. Slemmons (1966) named these ash-fl ow tuffs for Eureka Valley at the foot of Bald Peak, 10 km west of Sonora Pass (Fig. 1) . Noble et al. (1969) and Priest (1979) proposed that the source of the tuffs is the Little Walker Caldera, based on lag-fall deposits that crop out on its eastern margin, occurrence of blocks of Eureka Valley Tuff within lacustrine tuffs that they interpreted to be caldera rim landslide deposits in an intra-caldera lake, and the presence of an elliptical depression. Noble et al. (1974) defi ned the current stratigraphic nomenclature of the Stanislaus Group (Table 1) . Brem (1977) studied the regional volcanic stratigraphy in his doctoral thesis and later produced an excellent geologic map of the Sweetwater roadless area (Brem, 1984) .
Early attempts to date the various formations of the Stanislaus Group were summarized by Noble et al. (1974) , who reported potassiumargon ages of 9.0 ± 0.2 Ma (Table Mountain Latite), 8.8 ± 0.2 Ma to 10.7 Ma (Tollhouse Flat Member, Eureka Valley Tuff), and 9.9 ± 0.4 Ma to 10.0 ± 0.3 Ma (Upper Member, Eureka Valley Tuff) largely based on the work of Dalrymple (1963 Dalrymple ( , 1964 and Dalrymple et al. (1967) . In some cases, the range of age determinations violated stratigraphic position, and Noble et al. (1974) gave a preferred age of 9.5 Ma (ca. 9.7 Ma, adjusted for modern decay constants) for the Eureka Valley Tuff. The fi rst paleomagnetic polarity determinations from the Table Mountain Latite (W33), Tollhouse Flat Member (W29, W23, W24), and Upper Member (W25) were given by Dalrymple et al. (1967) . Al-Rawi (1969) used a portable, fl ux-gate magnetometer to measure the polarity of remanent magnetization of the Eureka Valley Tuff (Tollhouse Flat Member reversed magnetic polarity; By-Day and Upper member normal magnetic polarities), and he demonstrated the value of paleomagnetism to distinguish these ash fl ows from one another.
REGIONAL GEOLOGIC SETTING OF THE STANISLAUS GROUP
The stratigraphy of the central Sierra Nevada as described by Slemmons (1966) includes Cretaceous granitic plutons of the Sierra Nevada batholith that are nonconformably overlain by Tertiary rhyolitic to andesitic volcanic and sedimentary rocks. From bottom to top, these Ter- Figure 1 for locations. Sonora Pass section modified from Slemmons (1966) . EVT-Eureka Valley Tuff. tiary rocks include Eocene auriferous gravels, the Oligocene-Miocene rhyolitic Valley Springs Formation (Piper et al., 1939) , the Miocene andesitic Relief Peak Formation (Slemmons, 1966) , the Miocene Stanislaus Group (Ransome, 1898; Slemmons, 1966; Noble et al., 1974) , and the andesitic Disaster Peak Formation (Slemmons, 1966) .
Formations of the Stanislaus Group crop out in a 150-km-long, east-trending band from the foothills of the Sierra Nevada to a few kilometers into Nevada (Fig. 1) . The maximum northsouth width is ~60 km near longitude 120º, west of Sonora Pass. The Table Mountain 
GEOCHEMISTRY OF THE STANISLAUS GROUP
Geochemical analyses were completed at Washington State University using X-ray fl uorescence (XRF) and inductively coupled plasma (ICP) mass spectrometry. Major-and trace-element analyses of our samples from the Stanislaus Group are included in Appendix A 1 . For completeness, the appendix also includes summary tables of major-element compositions from samples analyzed by Ransome (1898), Noble et al. (1974) , Priest (1979), and Brem (1977) . The samples collected during the current study consisted of juvenile material from the Eureka Valley Tuff and whole-rock samples from the Table Mountain The Stanislaus Group consists of primarily potassic to highly potassic lava fl ows and ash-fl ow tuffs that range from basaltic trachyandesite to trachyte (Fig. 2) , according to the IUGS (International Union of the Geological Sciences) classifi cation (Le Bas et al., 1986) . Chemical compositions of the Table Moun tain Latite are bimodal with groups of potassic basaltic trachyandesite and trachyte lava fl ows. Priest (1979) attributed the lower Table Moun tain mafi c fl ows to the dikes near Sonora Pass and possibly from the Little Walker Caldera; the much thinner and less voluminous upper silicic fl ows, which only crop out several kilometers around the Little Walker Caldera, were attributed to the Little Walker Caldera. The Eureka Valley Tuff is unwelded to densely welded, lapilli ash-fl ow tuffs that range in composition from trachyte to dacite. The Dardanelles Formation consists of trachyandesite lava fl ows (Slemmons, 1966) .
GEOLOGIC MAP AND LOCAL STRATIGRAPHY: SWEETWATER MOUNTAINS
A detailed geologic map ( Figs. 3 and 4 ; King, 2006) provides context for the Eureka Valley Tuff reference section at Tollhouse Flat, California. Noble et al. (1974) added this reference section, because the type locality of the Eureka Valley Tuff on Bald Peak near Sonora Pass (Slemmons, 1966 ) is remote, and it does not include all of the members of the formation. The Eureka Valley Tuff and the Table Mountain Latite are present in the map area ( Fig. 3 ), but the Dardanelles Formation is not found there.
Detailed Stratigraphy at the Eureka Valley Tuff Reference Section
As measured at Tollhouse Flat, the reference section includes ~28 m of Table Mountain Latite overlain by 185 m of the Eureka Valley Tuff (Fig. 5 ). The base of the Table Mountain Latite is not exposed in the measured section. The top of the reference section is truncated by a normal fault. The Eureka Valley Tuff dips ~35° to the north at this location (Fig. 6 ).
Table Mountain Latite
At the reference section, the Table Mountain Latite consists of (from bottom to top) volcaniclastic breccia, gray scoriaceous trachyandesite lava, and cross-stratifi ed, red-tan volcaniclastic sandstone. This volcaniclastic breccia can be distinguished from andesite lahar deposits of Relief Peak Formation by lack of hornblende phenocrysts within the 
Tollhouse Flat Member of the Eureka Valley Tuff
The Tollhouse Flat Member is welded, devitrifi ed, biotite lithic lapilli ash-fl ow tuff composed of at least two ash-fl ow units. This member is cliff forming and shows weak, columnar jointing. A distinctive feature of the Tollhouse Flat Member is ubiquitous biotite phenocrysts. The basal contact is a scoured surface on the Table  Mountain Latite. The upper contact of the Tollhouse Flat member is an eroded surface covered by blue-gray sandstone.
By-Day Member of the Eureka Valley Tuff
The By-Day Member is a eutaxitic, lithic lapilli ash-fl ow tuff consisting of three simple cooling units with alternating partially welded and densely welded zones (vitrophyres). These cooling units give the By-Day Member a distinctive layered appearance in comparison with the underlying Tollhouse Flat Member. The ByDay Member is distinguishable from the Upper and Tollhouse Flat Members by the lack of biotite phenocrysts within the pumice lapilli and fi amme (Halsey, 1953; Noble et al., 1974; Brem, 1984) . Rare biotite phenocrysts are present within the groundmass, but are probably xenocrysts. The welded zones have weak, columnar jointing and are cliff forming. The basal contact is a sharp surface scoured into the underlying blue-gray sandstone unit. The upper contact with the overlying Upper Member is covered by colluvium.
Upper Member of the Eureka Valley Tuff
The Upper Member of the Eureka Valley Tuff is only partly exposed at the reference section and within the drainage to the east (Fig. 4) . The Upper Member contains at least six biotite lapilli ash-fl ows ranging from unwelded tuff to densely welded vitrophyres. These ash-fl ows are (bottom to top) a white unwelded tuff, a tan unwelded tuff, two densely welded tuffs with vitrophyres, an upper, tan unwelded tuff and an upper, white unwelded tuff. The thicknesses of the two upper unwelded tuffs were not measured because of poor exposure. The unwelded tuffs in the Upper Member are easily eroded, form gentle slopes, and are characterized by conspicuous white and tan hoodoos (weathered pinnacles).
MAGNETIC INVESTIGATION Field Methods and Specimen Preparation
Samples for magnetic studies were collected from 36 localities in the Stanislaus Group (Fig. 7) . In 1962, Sherman Gromme collected oriented block samples at 14 sites (WD2-WD10, BP3, BP7, JR, MK13, and DM1-DM11), and drilled oriented cores in the fi eld at three sites (MK1, PW26, and RH3). All of these samples were collected from near-horizontal beds in the central Sierra Nevada. Effects of local magnetic anomalies were checked with a small verticalcomponent magnetic balance. The magnetic azimuths were corrected by backsighting to a second compass only at one site (RH3), where the magnetizations from lightning strikes were strong. Oriented cores were drilled from the block samples using a drill press at the laboratory. In 1963, three sites in the southeast outcrop area (3V129, 3V138, and 3V156) were sampled by Allan Cox (U.S. Geological Survey), who drilled cores in the fi eld. These cores were oriented with a magnetic compass. The azimuths were checked for local magnetic effects by backsighting to landmarks.
Christopher Pluhar drilled core samples from the Table Mountain Latite at Rawhide Road (RR), Murphys Cliff (MC), and Lower Griswold Creek (LG) in 1996. These samples were oriented with a magnetic compass and clinometer; declination corrections were measured by either sun compass or backsighting methods. No bedding attitude corrections were suggested by fi eld relations at these three localities, and, thus, none have been applied.
The remaining samples (all with LW prefixes) were collected by the principal author during the current study using portable drilling equipment. These cores were oriented with a magnetic compass (LW23-LW92) or a sun compass (LW93-LW98). Five to 13 cores were collected from each site. The sampling site locations were determined using a handheld GPS (Global Positioning System) unit. Each oriented core (sample) was cut into one to three specimens ~2.54 cm long. Attitudes of fl attened pumice clasts (fi amme) were averaged together to obtain tilt corrections for each site in the Eureka Valley Tuff.
Laboratory Methods: Remanent Magnetization
The remanent magnetization measurements of the Cox collection were conducted with a spinner magnetometer at the U.S. Geological Survey (USGS) Rock Magnetism Laboratory during 1963 to 1965. Alternating-fi eld (AF) demagnetizations were done at 10 or 20 mT with a 60-Hz coil and three-axis tumbling sample holder. Dalrymple et al. (1967) reported K-Ar ages and polarity determinations, but not specifi c directions of magnetization, from 3V129 (W23), 3V138 (W24), and 3V156 (W25). Preliminary measurements of Gromme's collection were made in 1965 and 1966 in Berkeley and Menlo Park. Dalrymple et al. (1967) reported polarity determinations and K-Ar ages from RH3 (W33), BP3 (W32), and BP7 (W29). The principal author completed demagnetization treatments of the entire collection at the USGS laboratory in Menlo Park, California. The remanent magnetization measurements performed in this study were conducted with a three-axis cryogenic magnetometer. Progressive step AF demagnetization to 100 mT was done in a shielded coil driven at 400 Hz with the specimen held in a reciprocating, two-axis tumbler. Thermal demagnetization was applied to one specimen from LW95 (By-Day Member), LW97 (Tollhouse Flat Member), and LW98 (Table  Mountain Latite) to examine unblocking-temperature distributions. Heating was performed in air in a magnetically shielded furnace (internal fi eld <10 nT). The remanent magnetization measurements resulting from the AF demagnetization treatments were analyzed with orthogonal vector component diagrams (Zijderveld, 1967) . The characteristic magnetization (ChRM) direction, defi ned by demagnetization steps following a linear path to the origin of the orthogonal diagram, was calculated by principal component analysis (Kirschvink, 1980; Cogné, 2003) . If a stable magnetization direction was not achieved, the magnetization of that specimen was not used in the directional analysis. At the lower Griswold Creek site, some samples were affected by strong secondary magnetization (presumably a lightning effect) and did not reach stable magnetizations, but these samples described great circle paths that converged on the cluster of ChRM's from other samples from that locality. Thus, these great circle analyses and ChRM's were combined to yield the lower Griswold Creek locality mean (McFadden and McElhinny, 1988; Cogné, 2003) .
The ChRM directions of the specimens were averaged together to produce site-mean directions. Fisher (1953) statistics were used to calculate cones of 95% confi dence (α 95 ) about the mean magnetization directions and the concentration parameter (k) for each site. The similarity test of McFadden and Lowes (1981) was used to determine the probability that two site means were indistinguishable. For the analysis of rotations, each specimen direction was transformed to a virtual geomagnetic pole (VGP) for calculation of the site-mean VGP and A 95 confi dence circle.
Paleomagnetic Results
Alternating-fi eld demagnetization greater than 50 mT isolated characteristic magnetizations in all but a few specimens; therefore, the magnetization directions were typically calculated from the 60−100 mT steps (Fig. 8) . Comparison of the AF and thermal demagnetization diagrams from a small number of companion specimens shows that the two methods produced nearly identical directions of magnetization in the three specimens tested. Maximum unblocking temperatures of the characteristic magnetization varied from Although some sites initially gave highly scattered remanence directions, presumably due to lightning, the AF treatments were very effective in reducing the scatter. The largest α 95 is 13.8°, and about two-thirds of the α 95 's are less than 5° (Tables 3 and 4) . Poor demagnetization results led to rejection of some data from three sites (RH3, PW26, and LW98). Two sites in the Tollhouse Flat Member, LW90 and LW91, gave results that raised questions about the accuracy of some bedding tilt corrections that were measured from fi amme foliations. LW90 and LW91 are located near Pinecrest in the Sierra Nevada, where the volcanic deposits appear to be fl at-lying tabular bodies. However, the fi amme foliations suggest tilt up to 17°. Applying the tilt corrections increased the angular difference between remanence directions from LW90 and LW91 as compared to the uncorrected results (24.4°: corrected versus 8.2°: no tilt correction). In this case, we concluded that the fi amme are not a reliable indicator of paleohorizontal bedding, and instead, may refl ect the channel topography at the time of deposition. We assumed no appreciable tilt for sites LW90 and LW91, which is consistent with our treatment of all other Stanislaus Group sites in the Sierra Nevada. For sites east of the Sierran crest, where there is signifi cant faulting and tilting, we found that the fi amme-based tilt corrections reduced the spread in inclination by 5° to 15° for all members of the Eureka Valley Tuff with the single exception of LW94. Despite the realization that fi amme foliation is sometimes an inaccurate indicator of paleohorizontal topography, we concluded that the foliation was the best option for making tilt corrections where bedding contacts were poorly exposed in the Sweetwater Mountains. Therefore, we applied the fi amme-based bedding corrections in further analysis of the data from all eastern sites.
The formations and members of the Stanislaus Group are easily distinguished from one another by their magnetic inclinations (Fig. 9) . The Table Mountain Latite has an unusual reversedpolarity inclination, which is signifi cantly shallower than the axial dipole fi eld. The overlying Tollhouse Flat Member also has reversed-polarity magnetization, but with a much steeper inclination compared to the Table Mountain On the western slope of the Sierra Nevada, the Table Mountain Latite appears to be a single-fl ow unit with a consistent and unusual direction of remanent magnetization as measured from Whittakers Dardanelles westward to the fl ow terminus at Knight's Ferry (LW98). However, near Sonora Pass, latite fl ows that have been correlated with the type Table Mountain Latite (Slemmons, 1953 (Slemmons, , 1966 ) appear to record a more complex magnetization history. Sites DM 1-11 south of Sonora Pass and near Leavitt Peak span a normal-to-reversed polarity transition in a thick sequence of latite fl ows that fl ank the west side of the Little Walker Caldera (Fig. 10) . Therefore, it is likely that only one of the many fl ows that comprise the Table Mountain Latite advanced west of Dardanelles Cone (Fig. 1) .
Isothermal Remanent Magnetization (IRM)
We selected seven representative specimens from the Table Mountain Latite and Eureka Valley Tuff for strong-fi eld, IRM-acquisition experiments. Mini-cores (~0.5 g) were magnetized in progressively higher DC (Direct Current) fi elds to 0.7 Tesla, and the resultant remanent magnetizations were measured. The IRM curves (Fig. 11) are typical of titanomagnetite-bearing rocks, which commonly exhibit IRM saturation above 0.2 Tesla. However, the samples from the Table Mountain Latite show a distinctive infl ection in the curve at applied fi elds of 0.2-0.5 Tesla. We interpret the infl ection as evidence that two types of magnetic minerals occur within the latite-titanomagnetite plus a high-coercivity mineral such as titanohematite. Presence of titanohematite is consistent with the high-blocking temperature (620 °C; O'Reilly, 1984) shown by thermal demagnetization of the Table Mountain Latite. As indicated by the back-fi eld part of the IRM curve, the Table Mountain Latite has relatively low coercivity of IRM (0.02 Tesla). This observation is consistent with the latite containing a high proportion of coarse-grained titanomagnetite.
Anisotropy of Magnetic Susceptibility Laboratory Methods
We measured anisotropy of magnetic susceptibility (AMS) of nearly all specimens (excluding RR, MC, and LG) with a Sapphire SI-2 digital susceptibility meter. The meter has a practical sensitivity of 2 × 10 −6 SI (International System of Units) (standard deviation of measurements with sample chamber empty). Each specimen was measured in six positions, with a repetition at each position, to solve for the AMS tensor. Specimens were measured for AMS before and after alternating-fi eld demagnetization to assess whether the initial magnetic state affected the AMS results. Some specimens from the Cox and Gromme collections had been demagnetized previously; therefore, AMS could not be measured for the natural state. The rationale for this procedure is based on the observations of Palmer et al. (1996) on the effect of strong-fi eld magnetization on the AMS fabric of the Bishop Tuff. They cautioned that the saturating magnetic fi eld from a lightning strike can greatly change the AMS ellipsoid.
We used the Hext-Jelinek (Hext, 1963; Jelinek, 1978; Lienert, 1991) method to calculate the mean of the specimen principal AMS axes for each site. The method gives 95% confi dence ellipses for the three principal axes of the mean susceptibility ellipsoid. After inspecting the site AMS results on a stereogram, we discarded specimen AMS results that plotted far from the site mean confi dence ellipses and recalculated the means and confi dence limits. A technique similar to this was employed by Le Pennec et al. (1998) .
Anisotropy of Magnetic Susceptibility Results
All useful results presented are from specimens collected from the Eureka Valley Tuff (Fig. 12A) , which displayed lineated and foliated magnetic fabrics typical of ash-fl ow tuffs (Incoronato et al., 1983; Hillhouse and Wells, 1991; Le Pennec et al., 1998) . The inclinations of the tilt-corrected mean K max and K int axes are near horizontal (plunge generally less than 10º), while the mean K min axes are mainly within 20° of vertical (Table 5 ). The major 95% confi dence ellipses of the K max and K int axes show greater angular dispersion averaging 30°, which is generally twice as wide as the better grouped K min axes. Four of the 19 sites sampled in the Eureka Valley Tuff gave poorly defi ned K max directions (major 95% confi dence limit ≥45°), which are insuffi cient to constrain fl ow directions (Fig. 12B) .
Specimen susceptibilities are generally 10 −2 SI, and the meter is capable of measuring 1% anisotropy of these specimens at a signal-tonoise ratio of 50:1. Therefore, the within-site dispersion of AMS directions in our study is primarily due to natural variation of the magnetic fabric and not instrumental noise. Relatively high susceptibility values indicate that titanomagnetite is the main source of the AMS signal. The magnetic fabric of the Eureka Valley Tuff is generally oblate, with a mean lineation of 1.005 ± 0.004 and a mean foliation of 1.020 ± 0.016 ( Fig. 13 ; Table 6 ). Ash-fl ow tuffs commonly exhibit this type of magnetic fabric, where the axis near-normal to the plane of foliation (K min ) is presumed to be due to gravity compaction and fl ow-induced imbrication. The subhorizontal lineation (K max ) indicates stretching along the fl ow path (Ellwood, 1982) . In contrast, the AMS results from the lava fl ows of the Table Mountain Latite and Dardanelles Formation were not useful in determining fl ow directions. These formations displayed inverted magnetic fabrics with 
Figure 8. Orthogonal vector diagrams of alternating-fi eld demagnetization (left column) and thermal demagnetization (right column) of selected specimens. Examples are from the Table Mountain Latite (A, B), Tollhouse Flat member of the Eureka Valley Tuff (C, D), and ByDay Member (E, F). J/NRM is ratio of remanent magnetization to initial magnetization.
K min axes not close to vertical or 95% confi dence ellipses of K max greater than 45° (Fig. 12C) . The pre-demagnetized or post-demagnetized results with smaller 95% confi dence angles were selected for the fl ow-direction analysis. We found that pretreatment by AF demagnetization improved the clustering of AMS axes at one lightning-struck site (LW93), where the initial remanence intensity was very strong and the magnetization directions were widely scattered. However, AF pretreatment of the other sites commonly produced little benefi cial effect on the AMS scatter and signifi cantly degraded the results at LW96.
DISCUSSION
The study area can be divided into two structural domains-the relatively stable Sierra Nevada block west of Sonora Pass and the tectonically active Walker Lane east of the pass. Although the central Sierra Nevada block is cut by a few north-northwest-striking faults with vertical displacements up to several hundred meters, tilt and vertical-axis rotations beyond the small scale of landslides are negligible. This assertion is supported by the near-concordance of remanent magnetization directions shown by units within the Stanislaus Group over a very broad area. In contrast, the geologic structure is very complex in the Sweetwater Mountains and eastward, and we expect the possibility of vertical axis rotations there. Rotations must be taken into account before interpreting fl ow directions in the eastern part of the study area, which lies within the Excelsior-Coaldale block of the Walker Lane belt (Stewart, 1988) .
The Tollhouse Flat Member is the most widespread member of the Eureka Valley Tuff, and thus provides the best opportunity to test for vertical-axis rotations in the Walker Lane belt. Five sites (MK13, BP3, WD10, LW90, and LW97) in the relatively stable Sierra Nevada block establish a mean reference direction of magnetization for the Tollhouse Flat Member. We excluded site JR, because it is from a poorly exposed outcrop and may be in a landslide. Late-stage uplift of the Sierra Nevada may have tilted the mountain range less than one degree down to the west (Lindgren, 1911; Huber, 1981; Unruh, 1991; Wakabayashi and Sawyer, 2001 ), but the amount of tilt is negligible in the context of our study. Positive results from the McFadden and Lowes (1981) similarity test indicate that directions of magnetization from the fi ve sites are indistinguishable at 95% confi dence, lending support for this choice of a reference direction. Virtual geomagnetic poles (VGPs) were calculated from each of these sites and averaged together, producing a Sierra Nevada reference pole for the Tollhouse Flat Member (Fig. 14) . Likewise, VGPs were calculated for the remaining Tollhouse Flat Member sites and were compared to the Sierra reference VGP for determining vertical-axis rotations and confi dence limits following the method of Debiche and Watson (1995) .
Results from two sites in the Sweetwater Mountains (LW25 and LW94) indicate no signifi cant vertical-axis rotation of the Tollhouse Flat Member relative to the Sierra reference pole. We can infer that sites in the directly overlying By-Day Member (LW23 and LW95) and Upper Member (LW96) in the Sweetwater Mountains also have not undergone signifi cant vertical-axis rotation. Site 3V156 in the Upper Member at Conway Summit shows no rotation relative to the Sierra block, as inferred from its similarity to the magnetization direction of LW96. In contrast, sites near Mono Lake, Bodie, and Anchorite Hills (Fig. 7) indicate signifi cant clockwise rotations at the 95% confi dence level. Sites in the Tollhouse Flat Member (LW88, 3V138, and 3V129) have rotated clockwise 23° ± 9°, 10° ± 5°, and 26° ± 6°, respectively. These rotations are taken into account in our interpretation of the AMS results and the regional patterns of fl ow within the Eureka Valley Tuff (Figs. 15 and 16) .
Clockwise rotation of the Bodie-Anchorite Hills area agrees with predictions made by Wesnousky (2005) , who analyzed Quaternary faulting within the east-trending Excelsior-Coaldale block (Fig. 16 ) of the central Walker Lane. He proposed that left-lateral faults, such as the Anchorite Pass fault, represented Reidel shears cutting across a right step within the dextral shear zone of the Walker Lane. According to the model, the left-lateral faults formed as conjugates aligned 30° off the maximum axis of compression, and the faults rotated 20°-30° clockwise to accommodate dextral shear in the Walker Lane. Cashman and Fontaine (2000) reported paleomagnetic evidence of clockwise rotation of Miocene volcanic rocks in the Carson block, which is structurally similar to the Excelsior-Coaldale block, but is located farther north within the Walker Lane. Our paleomagnetic results lend N o -number of specimens measured; N-number of specimens averaged; AF-alternating-field pre-treatment; I-inclination; and D-declination of principal AMS axes in degrees, after tilt correction. The (95) min and (95) max are the lengths of the minor and major axes, respectively, of the 95% confidence ellipses in degrees. support to Wesnousky's (2005) interpretation, although the supporting evidence comes from only three sites. A substantial part of Eureka Valley Tuff east of Bridgeport Reservoir remains to be sampled for paleomagnetism, offering an opportunity to attempt a more rigorous test of the kinematic model.
How do rotation rates derived from paleomagnetic data in this region compare with modern rotations due to the interaction between the Pacifi c and North America plates? Contemporary GPS velocity measurements show the Sierra Nevada block to be moving northwest (313°) approximately 12 mm/year relative to the Colorado Plateau and the stable North America plate (Bennett et al., 2003) . Large-scale spherical caps, such as the Sierra Nevada and the western Great Basin, are rotating clockwise relative to stable North America at rates on the order of 0.3°/million years (McCaffrey, 2005) , and the rate of differential rotation between the Sierra Nevada and western Great Basin blocks is even less. The current Sierra Nevada rotation rate is much greater than its long-term average, as indicated by the relatively small clockwise rotation (6° ± 8° relative to stable North America) determined from Frei's (1986) paleomagnetic study of Cretaceous granites in the Sierra Nevada. In contrast, paleomagnetism of our sites in the eastern part of the Eureka Valley Tuff indicates that the average rotation rate is ~2.5°/m.y. since 9.5 Ma. The relatively high rotation rate found in our study is likely an indication of localized dextral shear operating on small-scale blocks caught within the western Walker Lane-Sierra Nevada transition, and the rotation may have occurred during a brief but intense interval of activity. However, current coverage by GPS monitors is too sparse to defi ne the boundaries and modern rotation rates of small blocks in the Mono Lake region for comparison with paleomagnetic data.
As indicated by the AMS results, fl ow directions are generally outward from the Little Walker Caldera and are consistent with the alignments and slopes of several known channels or paleovalleys (Fig. 15) . The imbrication of the K max −K int plane indicates the sense of fl ow, analogous to streambed imbrication where the upper surfaces of fl at cobbles dip upstream. The pyroclastic fl ows of the Tollhouse Flat Member fl owed down at least two paleovalleys to the west and to the southeast toward Mono Basin and Anchorite Hills. Ransome (1898) described the Cataract Channel, which he traced upstream from Knights Ferry in the Sierran foothills to Dardanelles Cone, and Slemmons (1953) extended the course of the channel eastward to Sonora Peak. The AMS fl ow indicators from the Tollhouse Flat Member at sites MK13 and WD10 are consistent with westward fl ow down the Cataract Channel. At site BP3, the imbrication and azimuth are very poorly constrained and do not follow the channel morphology. Tollhouse Flat Member sites LW90, LW91, and LW97 indicate westward fl ow down an unnamed paleovalley that is south of the Cataract Channel.
The Sweetwater Mountains appear to have been a topographic high during the eruptions of the Table Mountain Latite lavas and the pyroclastic fl ows of the Eureka Valley Tuff, preventing these eruptions from fl owing much farther than a few miles northeast of the Little Walker Caldera. This pattern was discussed by Halsey (1953) , who also observed that outcrops of these formations lap up against the western and southeastern fl anks of the Sweetwater Mountains. Sites LW94, LW95, and LW96, which represent three distinct ash-fl ow eruptions, indicate northwest fl ow parallel to the range front of the Sweetwater Mountains. Site LW23's northeasterly direction of fl ow radiates outward from the Little Walker Caldera, but is nearly opposite to the fl ow indicator at LW25. This contradiction may be attributed to run-up of the pyroclastic fl ow onto the margin of a paleochannel or large uncertainty in the imbrication orientation at LW25.
Sites LW93 and 3V156 indicate a direction of fl ow to the south during the eruptions of the By-Day and Upper Members of the Eureka Valley Tuff. In the Bodie Hills, sites LW88 and LW86 (in the Tollhouse Flat Member) indicate directions of fl ow to the east and south, respectively. The far eastern site near the Anchorite Hills, 3V129, has a fl ow direction to the north. Southward fl ow inferred at LW86, LW93, and 3V156 is generally compatible with a channel leading south from the Little Walker Caldera. Interpretation of the fl ow pattern at the eastern sample sites is complicated by probable northward displacement of the caldera relative to the eastern sites due to dextral shear across the area. In the northern Walker Lane, offsets of Oligocene paleovalleys indicate cumulative slip of 20-30 km since 9 Ma (Faulds et al., 2005) . We do not have comparable measurements of dextral displacement across our study area east of the Little Walker Caldera, because the fault pattern in general is not parallel to the dominant northwest-striking, right-lateral faults of the Walker Lane. Instead, the shear strain is being accommodated by compression and clockwise rotation across the Excelsior-Coaldale domain. The Little Walker Caldera is probably moving with the Sierra block, although bounding faults are not well defi ned in this part of the SierraWalker Lane transition. Restoring the original positions of sites LW88 and 3V129 relative to the caldera by removing 25° of rotation brings the sites closer to an east-west alignment with the caldera (Fig. 16) . Eastward fl ow from the caldera could explain the fl ow indicator at LW88, but the northwest fl ow restored at 3V129 is transverse to this pattern. Palmer and MacDonald (1999) propose a model to explain variation in K max declinations (fl ow directions) with distance from the source caldera. In this model, there is a proximal zone of converging fl ow (tributaries), an intermediate channelized zone, and a distal zone of diverging fl ow (distributaries). This model implies larger scatter in the K max declinations in proximal and distal zones as compared to the intermediate channelized zones. This variation model is a possible explanation for the confl icting fl ow directions at sites near the Little Walker Caldera (LW23, LW25, LW94, LW95, and LW96). However, weak development of fl ow fabric and failure of AMS to always be an accurate fl ow indicator are also possible, as noted by MacDonald and Palmer (1990) , Wells and Hillhouse and Wells (1991) , and Le Pennec et al. (1998) . Ort (1993) reported that a small percentage of K max axes were transverse to the dominant fl ow axis in an Andean ash-fl ow tuff.
CONCLUSION
The AMS results generally follow a pattern of pyroclastic fl ow outward from the Little Walker Caldera, as proposed by Noble et al. (1974) and by Priest (1979) . AMS lineations and imbrications in the Eureka Valley Tuff are generally consistent with the mapped trends of Miocene channels in the Stanislaus River drainage. The pyroclastic fl ows followed preexisting topography to the west and southwest, and to the east and southeast. The AMS results appear to be more dispersed near the source area and at the eastern distal ends of the pyroclastic fl ows in comparison with the channelized fl ows. The pyroclastic fl ows of the Eureka Valley Tuff followed a network of canyons, including the Cataract Channel, leading to long runout distances from the eruptive center (~60 km to the west).
The model that the central Sierra Nevada is a rigid block (Huber, 1990; Wakabayashi and Sawyer, 2001 ) is supported by the paleomagnetic data. Remanent magnetization directions of the Tollhouse Flat Member collected at fi ve locations from the western foothills to the Sierra Nevada crest have the same direction at the 95% confi dence level. The Tollhouse Flat reference VGP produced as part of this study was used to describe rotations within the Walker Lane at sampling sites in the Bodie Hills, Mono Basin, and Anchorite Hills. These rotations are ~10° to 26° clockwise with respect to the Sierra Nevada block, which is in agreement with recent estimates of rotation within the central Walker Lane (Wesnousky, 2005) . East-trending, left-lateral faults within the Excelsior-Coaldale block of the Walker Lane were rotated into present alignments as a probable consequence of dextral shear across the Sierra Nevada-Walker Lane transition. Further paleomagnetic study of Stanislaus Group outcrops near the California-Nevada border should help to defi ne the extent of the highly rotated region and provide the basic framework for neotectonic studies.
The different remanent magnetization directions within the Stanislaus Group can be used to distinguish among these volcanic formations. In the western Sierra Nevada, the Table  Mountain Latite has a magnetization direction of I = −26.1°, D = 163.1° (α 95 = 2.7°), which is unusual with respect to the axial dipole. As originally shown by Al-Rawi (1969) , the Tollhouse Flat Member of the Eureka Valley Tuff has a reversed-polarity magnetization direction in contrast to the normal polarity directions of the By-Day Member and the Upper Member. The Dardanelles Formation has a normalpolarity magnetization direction, which helps to distinguish this formation from the similar Table Mountain Latite. Further work is needed to determine whether the magnetostratigraphy of the Table Mountain Latite and the Dardanelles Formation is actually more complex, as suggested by samples collected at Sonora Pass (DM1-DM11).
